The DNA-binding domain of c-Myb consists of three homologous tandem repeats of 52 amino acids. The structure of the third (C-terminal) repeat obtained by NMR analysis has a conformation related to the helix-turn-helix motif. To identify the role of each repeat in the sequence recognition of DNA, we analyzed specific interactions between c-Myb and DNA by measuring binding affinities for systematic mutants of Myb-binding DNA sites and various truncated c-Myb mutants. We found that specific interactions are localized unevenly in the AACTGAC region in the consensus binding site of c-Myb: The first adenine, third cytosine, and fifth guanine are involved in very specific interactions, in which any base substitutions reduce the binding affinity by >500-fold. On the other hand, the interaction at the second adenine is less specific, with the affinity reduction in the range of 6-to 15-fold. The seventh cytosine involves a rather peculiar interaction, in which only guanine substitution abolishes the specific binding. The binding analyses, together with the chemical protection analyses, showed that the c-Myb fragment containing the second and third repeats covers the AACTGAC region from the major groove of DNA in such an orientation that the third repeat covers the core AAC sequence. These results suggest that the third repeat recognizes the core AAC sequence very specifically, whereas the second repeat recognizes the GAC sequence in a more redundant manner. The first (Nterminal) repeat, which covers the major groove of DNA only partially, is not significant in the sequence recognition, but it contributes to increase the stability of the Myb-DNA complex. The presence of an N-terminal acidic region upstream of the first repeat, which is important for the activation of c-myb protooncogene, was found to reduce the binding affinity by interfering with the first repeat in binding to DNA.
The protooncogene c-myb codes for the nuclear protein (c-Myb) that binds to DNA in a sequence-specific manner (1, 2) . The c-Myb protein is supposed to function as an activator or repressor oftranscription (3) (4) (5) (6) . The DNA-binding domain of c-Myb consists of three homologous tandem repeats of 52 amino acids [repeat 1 (Ri), repeat 2 (R2), and repeat 3 (R3) from the N terminus] (7) (8) (9) . Each repeat has three conserved tryptophans spaced 18-19 aa apart (10) . Ri can be deleted without significant loss of DNA-binding activity (9, 11) . Thus, Rl is thought to be a minor player in sequence recognition. The solution structure of R3 has been obtained by NMR analysis (12) . The analysis showed that the conserved tryptophans form a hydrophobic core, as predicted from sequence and mutagenesis analyses (13, 14) , and that the a-helices fold into a conformation related to the helixturn-helix (HTH) motif. The model of Myb-DNA complex
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suggests that one of the helices directly interacts with base pairs and recognizes the core AAC sequence in the consensus Myb-binding sites. The role of R2 has been suggested to be that of increasing stability by electrostatic interaction with DNA. In contrast, Gabrielsen et al. (15) have suggested that R2 may take a HTH-related structure and, together with R3, contribute to sequence recognition, on the basis of the experimental observation in which mutations of corresponding amino acids in R2 and R3 affected DNA-binding activity similarly. However, it is unclear how R2 and R3 recognize the target sequences. The N-terminal region next to Ri, which is characterized by abundant acidic amino acids, appears to be involved in the regulation of DNA binding by c-Myb as well. This region contains two serine residues, the phosphorylation of which by casein kinase II seems to inhibit the binding of Myb to DNA (16) . Both v-Myb proteins encoded by the chicken leukemia viruses avian myeloblastosis virus and E26 are N-and C-terminally truncated versions of c-Myb (17) . Furthermore, integration of chronically transforming retroviruses into the c-myb locus can also result in truncation of the N or C terminus of c-Myb, inducing myelogenous diseases in mice and B-cell lymphomas in chickens (18, 19) . In most of the c-Myb versions activated by N-terminal truncation, the N-terminal region, including the phosphorylation site and a part ofRl, is deleted (20) . However, the mechanism by which N-terminal truncation alters the c-Myb activity is not yet known.
To understand the mechanism of DNA sequence recognition by c-Myb and clarify the role ofthe three repeat units and the N-terminal region in the sequence recognition, the following experiments were done. First, we analyzed the sequence specificity by measuring the binding affinities between the c-Myb DNA-binding domain (24) harboring one of the above-mentioned c-Myb expression plasmids was diluted in superbroth (25) containing ampicillin (100 pg/ml) and grown at 37°C. After this reached an absorption at 550 nm of =1.0, isopropyl /-D-thiogalactopyranoside was added to a final concentration of 1 mM, and the bacterial growth was continued for -6 hr. Cells of a 12-liter culture were harvested, washed with phosphate-buffered saline, and suspended in 200 ml of buffer A (50 mM Tris-HCl, pH 8.0/0.5 mM EDTA/0.3 M NaCl) containing 0.5% Nonidet P-40, 0.1 mM dithiothreitol, and 0.1 mM phenylmethylsulfonyl fluoride). The bacteria were then lysed on ice by sonication and centrifuged at 15,000 rpm for 20 min.
Procedure for purification of the bacterially expressed c-Myb will be described elsewhere. Briefly, various c-Myb proteins were purified by phosphocellulose, gel filtration, and CM-cellulose column chromatography. The purity of each c-Myb mutant protein was checked to be -95% by SDS/ PAGE. The purified R123 was suspended in 100 mM potassium phosphate buffer (pH 7.5) containing 20 mM KCl, 0.1 mM EDTA, bovine serum albumin at 500 ,ug/ml, and 10 mM dithiothreitol. The synthetic R2 and R3 fragments are from S. Aimoto, Osaka University (26) .
Preparation of Oligonucleotides. The 22-mer oligonucleotide CACCCTAACTGACACACATTCT, containing Mybbinding site in simian virus 40 enhancer (MBS-I) (2), and its mutants and truncated versions were synthesized and purified by HPLC with a C18 reverse-phase column (WAKO-SIL DNA). The purified DNA was suspended in 1 x STE (0.1 M NaCl/10 mM Tris.HCl/1 mM EDTA, pH 8.0), and complementary strands were annealed and end-labeled with [y-32P]ATP (NEN) using T4 polynucleotide kinase (Toyobo, Osaka). The labeled DNAs were purified by passing them through a Sephadex G-50 column equilibrated with the potassium phosphate buffer.
Filter Binding Assay. The equilibrium dissociation constants Kd for the Myb-DNA binding were measured by the filter-binding assay. Labeled DNA and various amounts of Myb were incubated in 100 ,ul of binding buffer (100 mM potassium phosphate buffer, pH 7. for 20 min at 25°C in the reaction containing 25 mM Hepes (pH 7.9), 0.5 mM EDTA, 50 mM KCl, and 0.5 mM dithiothreitol. The reaction mixture was then put onto a 8% polyacrylamide gel in 0.25x TBE (lx TBE is 90 mM Tris base/90 mM boric acid/2 mM EDTA), electrophoresed, and bound and free DNAs were isolated by electroelution. DNA was suspended in 100 ,l of 1 M piperdine and heated at 90°C for 30 min. After precipitation, DNA cleavage products were fractionated on denaturing 20% polyacrylamide gels.
RESULTS
Size of Target DNA Required for Myb Binding. We have synthesized various lengths of oligonucleotides containing the Myb-binding site MBS-I, which are shown in Fig. 1 , and measured the binding affinity with the R123 fragment containing the three repeats of c-Myb DNA-binding domain by a filter-binding assay. The Kd for the 22-mer MBS-I is 4.0 x 10-10 M. R123 bound to the 22-mer, 19-mer, and 16-mer fragments in a sequence-specific manner with similar affinities, but for the 13-mer and 10-mer fragments, binding affinity was greatly reduced (Kd > 10-7 M). Thus, the 16-mer MBS-I is sufficient for the specific binding with R123. In the following mutational analyses, however, we use the 22-mer to avoid possible end effects.
Mapping of Specific Contacts in the DNA Complexed with R123. We have introduced systematic base-pair substitutions at each position from 6 to 16 of the MBS-I 22-mer fragment, replacing the base pairs with the other 3 bp. The bindingaffinity change represented by binding free energy change due to base-pair substitutions is shown in Fig. 2 . All measurements in this analysis were repeated at least twice. Typical experimental errors for the binding free energy change are <0.2 kcal/mol. A positive free energy change means that the binding is weakened by the substitutions, and a negative one corresponds to an increased binding affinity. The reduction of the binding constant by 10-fold will increase the binding free energy change by -1.3 kcal/mol. Fig. 2 shows that most substitutions reduced the binding affinity, indicating that the wild-type MBS-I is, indeed, a highly specific binding site. Any substitutions from the original base pairs at positions 7, 9, and 11 greatly reduced the binding affinity (reduction of binding constant by >500-fold). Because the Kd for the nonspecific DNA is in the order of 10 ,uM, the nonspecific binding does not interfere with the mutational effects. The very large effects by these single mutations indicate that very specific interactions must be involved between R123 and the original base pairs at these We also replaced the thymines indicated in Fig. 2 with uracils to examine the effects of methyl group on the binding. The substitutions at positions 7 and 8 reduced the binding affinity to some extent, and no significant effects were observed at other positions. Although the affinity changes are rather small, the amount of change at position 8 accounts for a significant portion of the affinity change due to base-pair substitutions, indicating that the methyl group ofthis thymine plays some role in the specific interaction with Myb.
Deletion Analysis of Myb DNA-Binding Domain. To identify which part of the Myb DNA-binding domain confers the specificity described above, we examined the binding affinities for various truncated fragments of the Myb DNAbinding domain shown in Fig. 3 . We also examined synthetic fragments of R2 and R3, and a fragment with the N-terminal acidic region (NR123). The dissociation constant for the R23 fragment against the 22-mer MBS-I fragment is 2.2 nM. Thus, the R23 fragment has a lower affinity than R123 by about one-sixth, but it still retains the sequence specificity (i.e., base mutations affect the binding affinity). On the other hand, all fragments truncated inside R2 (A110, A122, and A127) weakly bind to the DNA (Kd = 1 ,uM to _10-5 M), and the binding is no longer sequence specific (i.e., base mutations do not affect the binding). This result may indicate that R2 forms a compact conformation necessary for the DNA binding. Also, the synthetic fragments R2 and R3 by themselves form only weak complexes with the DNA (Kd ' 10-5 M) without sequence specificity. Thus, these results suggest that R23 is the minimal unit that binds to its target DNA in a sequencespecific manner. Interestingly, NR123 binds to the DNA less strongly than R123, with the dissociation constant of 1.2 nM.
Because the MBS-I sequence does not have 2-fold symmetry, the orientation of R123 with respect to the DNA sequence needs to be identified. For this end, we did the following experiment: as described above, the 16-mer fragment of MBS-I retains the specific binding with Myb. We shifted this frame, as shown in Fig. 1 , and measured the binding affinity of these fragments against R123 and R23. Table 1 shows that the binding affinity of R123 to the shifted 16-mer was reduced by one-seventh, compared with the original 16 -mer. On the other hand, R23 bound to the two fragments with similar affinity. The reduction of binding affinity due to the frame shift is nearly equal to that caused by the deletion of Rl from R123. Therefore, this result suggests that DNA segment between positions 16 and 19 interacts with the Rl portion of R123.
Methylated Bases that Interfere with Myb Binding. To establish which guanine bases within MBS-I are in close contact with each c-Myb deletion mutant, methylationinterference experiments were done with NR123, R123, and R23. Fig. 4 shows that the two consecutive guanine bases, 9 and 13, on the bottom strand interfered with binding of R23 when methylated. In addition to these two guanine residues, the guanine residue at 15 also interfered with binding of R123 when methylated. However, this residue did not interfere with binding of NR123. From these results, we conclude that R23 portion of R123 covers the consensus AAC region and its adjacent sequences toward its 3' direction from the major groove of DNA, that Rl portion of R123 covers the guanine residue at position 15 but not at position 17 from the major groove, and that the N-terminal region upstream of Rl blocks the interaction between the guanine residue at position 15 and Rl.
DISCUSSION
The DNA-binding domain of c-Myb has a distinctive structure in that it consists of three homologous tandem repeats of 52 amino acids. We have confirmed that both R2 and R3 are required for the sequence-specific binding, and these repeats bind to the target DNA sequences from the major groove of DNA. The present mutational analyses showed that specific interactions are unevenly localized in the AACTGAC region of the Myb-binding site. The first adenine (position 7 of Fig.  2 ) and the third cytosine (position 9) and the fifth guanine (position 11) are involved in very specific interactions with Myb, whereas the interactions at the second adenine (posi- Note that to judge the degree of interference, the differences in the densities of bands in both free and bound lanes were normalized by measuring the density of each band by Bioimage analyzer (Fuji). tion 8) and the seventh cytosine (position 13) are less specific. This result is qualitatively consistent with the sequence bias compiled from various Myb-binding sites (27, 28) , although the latter cannot reveal the details of specificity. Our results suggest that R3 covers the core AAC region of the Myb consensus binding sequence. The structure of R3 obtained by NMR analysis has a conformation related to the HTH motif (12) . Thus, the third a-helix may be used as the recognition helix to interact with base pairs of DNA, from the analogy with other HTH proteins. In the NMR structure, Asn-179, Lys-182, Asn-183, Asn-186, and Ser-187 are exposed in the DNA-binding surface of the third helix (12) . Considering the previous observations in Cro and A repressor (21, 22) , the first adenine is likely to interact with one of the asparagines, which has the same H-bond donor-acceptor pattern as glutamine, and the third guanine of the opposite strand interacts with Lys-182. The second adenine is involved in less-specific interactions than the first adenine. One possibility is that this base forms H-bonds with another asparagine, such that the geometry deviates from the optimal H-bond geometry. A similar situation was found in the A repressor, where the specific interaction between glutamine and adenine in the nonconsensus side is weaker than that in the consensus side (22) . Although we assume that the affinity changes caused by the base mutations are from the direct interaction between bases and amino acids, it is also possible that some of the changes may be contributed by the indirect effects, such as the conformation changes of DNA.
To examine the range of DNA covered by each repeat of Myb, we modeled the interaction on computer graphics. If the third helix of R3 is placed on the AAC region and R2 is assumed to take a compact domain structure similar to R3, the placement of R2 in the major groove in van der Waals contact with R3 causes R2 to cover the GAC region (see Fig.  5 ), although it is still possible that amino acids from the nonhelical region of R3 interact with the fifth guanine. Gabrielsen et al. (15) suggested that Gln-129, Arg-133, and Asn-136 are important for the sequence recognition. Asparagine or glutamine may not uniquely specify guanine according to the H-bond pattern. The computer modeling suggests that Lys-128 can specifically interact with the fifth guanine. The interaction at position 13 is rather peculiar in that only guanine substitution abolished the binding. We have not observed this kind of base recognition in the repressor system. Gabrielsen et al. (15) suggested a double HTH model, in which corresponding amino acids in the HTH-related motifs of R2 and R3 recognize sequence. Our results show that R2 recognizes sequence, but the pattern of base recognition by R2 is quite different from that by R3, and the recognition is more redundant. We have also found subtle differences in conformation and stability in the spectroscopic and stability analyses of R2 and R3 (29) . These distinct characteristics of R2 suggest that the role of R2 in sequence recognition may differ from that of R3.
We have confirmed that Rl does not contribute to the sequence-specific binding. However, we have found that Rl increases the stability of the Myb-DNA complex. This additional stability seems partially cancelled by the presence of the N-terminal acidic region adjacent to Rl. The methylationprotection analysis shows that Rl partly covers the major groove of DNA, but the N-terminal region hinders the protection. Thus, both binding and protection analyses suggest that the effect of the N-terminal acidic region is to block binding of Rl to DNA. This blockade may account for the role of the N-terminal acidic region, the deletion of which activates c-myb protooncogene. Although the effects by RI and the N-terminal region are not very large, they may have significant consequences in c-Myb function. The sequence specificity of c-Myb is rather low, and it binds to multiple sequences; slight changes in the binding affinity may affect the relative occupancy of the multiple binding sites and therefore be used for the differential control of binding at different sites. Furthermore, phosphorylation of the N-terminal region by casein kinase II might enhance the inhibitory effect of the N-terminal region by increasing the negative (16) . This result appears consistent with our proposition that the small effect by the N-terminal region may affect the binding of Myb only to limited sites. Thus, Rl, in cooperation with the adjacent acidic region, might play a much more important role than we expect. The DNA-binding domain of c-Myb resembles a zinc finger in that both have a tandem-repeat structure. According to the crystal structure of Zif268-DNA complex (30) , the zinc fingers bind in the major groove of DNA and wrap part way around the double helix. The relative orientation of the three fingers with respect to the DNA is almost superimposable, and each finger contacts a 3-bp subsite. Our result of methylation interference for the Myb-DNA interaction suggests that R3 and R2 bind in the major groove but Rl covers the major groove only partially (see Fig. 5 ); it may be anchored to the phosphate backbone or partly extended into the minor groove. Also, R3 and R2 have different specific interactions with DNA, indicating some difference in the relation with DNA structure. Thus, the DNA-binding mode of the c-Myb repeat structure appears quite different from that of zinc fingers.
